Legumes such as soybean, peas and lupin have attracted considerable interest as potential sources of protein to replace finite and limiting supplies of marine fishmeal (FM) as major ingredients for aquafeeds. In this respect, faba beans (Vicia faba) represent a widespread and relatively unexploited legume crop in Europe with potentially favourable characteristics. However, for carnivorous species such as Atlantic salmon (Salmo salar), protein levels in legumes are generally too low and require to be concentrated to be direct replacements for FM. Previously we showed that a faba bean protein concentrate, produced by air classification, containing 55 % protein could partially replace FM and/or soy protein concentrate (SPC) in feeds for parr and post-smolt salmon. In the present study, a faba bean protein isolate (BPI), produced by a wet process, with almost ~80 % crude protein was investigated in feeds for Atlantic salmon in seawater. Four dietary treatments were tested including one with high inclusion of FM (400 g kg -1 ) and three with low FM (216 g kg -1 ) and increasing inclusions of BPI (0, 70 and 140 g kg -1 )
Introduction
Carnivorous fish species such as Atlantic salmon (Salmo salar) have a high dietary requirement for protein (National Research Council, 2011) and therefore their culture is highly dependent on reliable supplies of dietary protein sources with a high nutritional value; that is, with good digestibility and a balanced amino acid composition. Fishmeal (FM), the most balanced and traditionally utilised source of protein for fish, is a finite resource and so the limited supply and high demand has resulted in increased prices. In modern fish feed, FM is generally used sparingly and strategically in favour of more available plant materials (Ytrestøyl et al., 2015) . The suitability of plant proteins has been generally limited by the lower protein contents of plant meals and concentrates (20-60 %) relative to FM (~ 70 %), amino acid imbalances including lower availability of methionine and lysine among others, and presence of anti-nutritional factors (ANFs) (Gatlin et al., 2007; Krogdahl et al., 2010) . However, the use of crystalline amino acids in the formulation of fish feeds to balance nutritional deficiencies (Nunes et al., 2014) and continual improvement of processing technologies for the production of more refined protein concentrates have made available an increasing number of ingredients that can be used as protein sources for salmon feed.
Among plant products, legumes such as soybean, lupin and peas have attracted considerable interest (Gatlin et al., 2007) and soybean protein concentrate (SPC) is currently one of the main protein sources used for the formulation of feeds for Atlantic salmon (Ytrestøyl et al., 2015) . However, due to price volatility of raw materials such as FM and SPC novel protein concentrates with favourable characteristics are sought after to allow higher flexibility in least cost formulation. In this context, higher demand for locally produced legumes is expected. A widespread and relatively unexploited legume crop in Europe is faba bean (Vicia faba) (FAO STAT, 2009 ). Favourable characteristics of faba bean include low levels of ANF, with most concentrated in the seed coat that can be removed in the process of de-hulling (Vidal-Valverde et al., 1998; El-Shemy et al., However, further processing of faba beans has provided ingredients with higher protein concentration as potential protein sources for salmonids. For example, de-hulling of faba bean before crushing produced a meal with ~ 28 % protein that was tested as a replacement for soybean meal (~44 % protein) in rainbow trout fingerlings (Ouraji et al., 2013) . This study demonstrated that rainbow trout fingerlings could tolerate up to 30% inclusion of faba bean meal in the diet and that inclusion levels of 15 % were beneficial for growth performance. A more attractive ingredient for feed formulation, with substantially higher protein content (~ 61 % crude protein), was produced by airclassification of de-hulled, crushed faba beans and investigated in feeds for Atlantic salmon in a screening trial using parr (De Santis et al., 2015a,b; Krol et al., 2016) . The study on parr showed that salmon could efficiently utilise air-classified faba bean protein concentrate (BPC) up to inclusion levels of 26 % of feed (40 % of the protein fraction) without loss of performance when compared to feeds using the traditional protein ingredients, FM and SPC (De Santis et al., 2015a) . Indeed, similar to the results reported in rainbow trout fingerlings, moderate inclusions of BPC appeared to be beneficial for growth of salmon parr. The study in salmon parr also indicated that high inclusions of BPC was marginally detrimental for the digestive tract causing a mild inflammation of the posterior intestine and also resulted in a significant loss of growth performance. A subsequent study using larger (~1.5 kg) salmon in seawater confirmed that a moderate inclusion level of around 21 % of feed of BPC (containing approximately 55 % crude protein) supported good growth in Atlantic salmon (De Santis et al., 2016) .
In the present study, a wet processed faba bean isolate (BPI) with higher protein content (~80 % crude protein) and lower levels of ANF than BPC was investigated in feeds for Atlantic salmon. The BPI was produced using wet processing methodology involving aqueous alkaline solubilisation and acid precipitation adapted from methods used for the production of legume, including pea and lupin, protein isolates (Gueguen, 1983; Swanson et al., 1990; Jayasena et al., 2011) . In the present study, we investigated the effects of BPI on growth and performance of Atlantic salmon in a trial using practical feed formulations and growing conditions in seawater to simulate commercial production. Four dietary treatments were tested including one treatment with high inclusion of FM (400 g kg -1 ) and three treatments with identical low FM content (216 g kg -1 ) and increasing inclusions intestine histology were evaluated. In addition, transcriptomic analyses were performed in liver and pyloric intestine to determine the tissue-specific responses in gene expression to the dietary ingredients.
Material and Methods

Diet formulations and compositions of ingredients and feeds
The proximate and amino acid compositions of the three protein ingredients, FM (NA (National Research Council, 2011) . The formulations were designed to generally reflect current commercial formulations in terms of type and inclusion levels of other ingredients (Table 2 ).
Fish feeding trial and sampling
The nutritional trial was conducted at Marine Harvest (Scotland) Ltd. Feed Trial Unit (Ardnish, Lochailort, UK) using autumn smolt (0+) Atlantic salmon (Salmo salar) of the commercial Aquagen strain (Aquagen Ltd, Kyrksaeterøra, Norway), produced at the Marine Harvest freshwater production unit (Glenfinnan, Argyll, Scotland). A total of 3000 fish were randomly allocated in batches of 250 fish to one of twelve 5m 3 pens. The pens were supplied with automatic feeders that delivered two daily feeds (8 am to 10 am and 2 pm to 4 pm) to apparent satiation by oversupplying the feed by approximately 10 %. Feed delivered was recorded daily and uneaten feed collected by an uplift system throughout the experiment 30 min post feeding. For calculation of feed intake, uneaten feed was corrected for water content and subtracted from the feed delivered. Fish were acclimatised for 4-weeks prior to application of the experimental feeds during which time they were all fed the same commercial feed (BioMar UK Ltd., Garngemouth, Scotland). 
Vicine-convicine analysis
Vicine and convicine content of the BPI used in the present study and the BPC (Netszch GmbH, Selb Bavaria, Germany) used previously (De Santis et al., 2015a, b) were assessed. The analysis was carried out using an HPLC-based method (NIAB-TAG Ltd, Cambridge, UK), according to Khamassi et al. (2013) , a modification of Lattanzio et al., 1982) . For each BPC sample, 0.5 g samples were extracted in sterile distilled water by vortexing and treating in an ultrasonic water bath at 40 °C for 30 min. After filtering (Whatman No. 1), the filtrate was diluted to 100 mL with sterile distilled water and an aliquot filtered using a 0.45 µm syringe disc-filter and separated on an HPLC system (Dionex Ultimate 3000 HPLC), equipped with a Phenomenex Sphereclone ODS II column (250 x 4.6 mm x 5 µm) with sterile distilled water as the mobile phase at a flow rate of 1.5 mL min -1 and eluent monitored with a diode array detector recording at 229 nm, 254 nm, 280 nm and 400 nm. Peaks were identified as vicine and convicine by their retention time relative to L-DOPA (L-dihydroxyphenylalanine) reference solutions.
Histological analysis
Tissue processing has been described previously by De Santis et al. (2015) . Briefly, tissues were routinely dehydrated in ethanol, equilibrated in xylene and embedded in 
Transcriptome analysis
Transcriptomic analysis was conducted using a custom-made 4 x 44K Atlantic salmon oligo microarray (Agilent Technologies, Wokingham, UK; ArrayExpress accession no.
A-MEXP-2065) described in detail previously (Tacchi et al. 2011) . Briefly, RNA was extracted from 50 mg of liver tissue or pyloric caeca using TRI Reagent (Sigma-Aldrich, Additionally, features consistently expressed just above background noise (defined as those features whose intensity was lower than 5th percentile of the distribution in 75% or more of the analysed samples) were also removed. The full protocol for microarray laboratory and data analysis has been previously reported (De Santis et al., 2015b) . The output of the microarray experiment was submitted to ArrayExpress under accession number E-MTAB-4661.
Statistical and data analysis
All statistical and data analyses were performed using the software R v.3.2.1 (R Core
Team, 2013). Feed intake, somatic and biochemical data were analysed using the function lmer from the package lme4 (Bates et al., 2015) . Specifically, feed intake was analysed using a repeated measure linear effect model, where pens were accounted as random factor nested within treatments (i.e. feed) and days used as the repeated measure factor. The remaining data was analysed using linear mixed models including: a) final individual weight (n = 750, initial average fish size and treatments as fixed factors, pens nested within treatment as a random factor); b) individual length (n = 150, treatments as fixed factor, pens nested within treatments as random factor); c) visceral somatic index (VSI = visceral weight / body weight * 100; n = 39, treatments as fixed factor, pens nested within treatments as random factor) and hepatic somatic index (HSI = liver weight / body weight * 100; n = 39, treatments as fixed factor, pens nested within treatments as random factor). Feed conversion ratio (FCR) was calculated on bulk data from the whole pen using the formula FCR = total feed consumed / (final weight -initial weight + weight lost through mortalities). Detailed results of the statistical analysis are provided as
Supplementary Table 1. For histology of the distal intestine, score spread for each parameter was visualised in R through boxplots and analysed with the Rao-Scott Cochran-Armitage by Slices (RSCABS) method implemented in the R package StatCharrms (Green et al., 2014) . This method analyses each parameter separately and slices through the data by severity level.
The counts of fish with a given severity level are compared to the count of fish for that level found in the control FM diet. If the count was found to be significantly higher in the respective test plant diet, there is indication that the diet induced enteritis for the given parameter at the identified severity level.
Transcriptomic data analysis was performed using Bioconductor v.2.13 (Gentleman et al., 2004) . Quality control, data pre-processing and analysis of differential expression were conducted using the software package limma (Smyth, 2004) . To avoid redundancy, features representing the same target gene as implied from KEGG annotation were reduced into a unique value obtained by selecting the feature with the highest F-value calculated on all contrasts. For analysis of gene expression we adopted gene-set testing using the function roast of the limma package (Wu et al., 2010) . Gene set testing is a differential expression analysis in which a set of a priori defined (putatively coregulated) genes is treated as a unit. Gene set testing allows focusing attention on biologically meaningful processes and provides a more powerful and robust approach than traditional gene-wise tests as evidence is accumulated from many genes. All pvalues reported in this work were corrected for false discovery rate (Benjamini and Hochberg, 1995) .
Results
Feed intake and FCR
Feed intake in fish fed the FM, SPC and BPI7 diets was initially high in the first two weeks of the experiment but then gradually decreased as water temperature declined ( Fig.   1 ). Fish fed BPI14 showed slightly lower feed intake at 1 week and thereafter the reduction in intake as temperature decreased was more rapid than in fish fed the other feeds. By week 5 there were no significant differences in feed intake as % of body weight amongst experimental treatments. Over the experimental period, fish fed BPI14 consumed significantly less feed than fish fed the other treatments, and fish fed BPI7
showed higher intake compared with those fed the control diet FM. There were no statistical differences in FCR between fish fed FM, SPC and BPI7 whereas FCR of fish fed treatment BPI14 was significantly higher (Fig.1) .
Somatic data and biochemical composition
At the end of the 11-week experimental period fish had grown from an average of 203 g to 570 g. Statistical analyses (Supplementary Table 1) indicated that the BPI14 feed negatively affected performance with a loss of weight gain of up to 166 g and 1.4 cm compared with fish fed SPC that showed the highest average weight (Fig. 2) . No statistically significant differences in final weight were detected between fish fed SPC and those fed BPI7, which both had marginally higher final weights (~30 g and 25 g
higher for fish fed SPC and BPI7, respectively) than fish fed diet FM. Fish fed BPI14 also had significantly higher visceral and hepatic weights relative to body weight compared to fish fed the other treatments. Although HSI was not statistically different between fish fed BPI14 and BPI7, both were higher than fish fed FM (Table 3) . Protein and ash contents of the flesh were not affected by dietary treatment but lipid (oil) content was lower (and moisture higher) in fish fed BPI14 compared to fish fed the other diets (Table 3) .
Distal intestine histology
Distal intestine of fish fed the experimental diets all showed varying levels of inflammation compared to the fish fed the FM diet (Fig. 3) . Fish fed the SPC diet showed a mild increase in LP, EG and SV compared to fish fed FM, although these were significantly increased it was generally less than one score criterion. In contrast, dietary BPI appeared to induce more severe levels of enteritis in a significantly higher number of fish and for a wider range of assessed parameters. Distal intestine of fish fed diet BPI14 diet had higher scores than fish fed BPI7 (Fig. 4) . The most severe effects were found for SV, where both BPI diets showed significantly higher numbers of fish scoring in severity levels 2 to 5 compared to fish fed FM, with higher significance levels in the BPI14 group (Table 4) . A similar situation was found for the LP and EG parameter for levels 3 and 4.
Regarding the MF parameter, fish fed BPI7 showed increased score compared to fish fed FM and, with fish fed BPI14, a significantly higher number of fish reached severity level 5. Dietary effect on sub-mucosal gaps was minimal and no effect of diet on the distribution of goblet cell severity scores was identified.
Liver transcriptome
The liver transcriptome was significantly affected in fish fed all experimental feeds with 903 (SPC), 189 (BPI7) and 798 (BPI14) differentially expressed genes (p < 0.05) when compared with the FM control. This translated into 34 (SPC), 16 (BPI7) and 64 (BPI14) gene-sets that were differentially expressed (q < 0.05) compared with fish fed FM (see Supplementary Table 2) . Therefore, although the number of hepatic genes differentially regulated in fish fed BPI14 compared to SPC was lower, they spanned a larger number of gene-sets (Fig. 5) . These comprised especially metabolic pathways, which were significantly more affected in fish fed BPI14 compared to fish fed both SPC and BPI7.
Indeed, in fish fed BPI7 only a few gene-sets/pathways were affected (Fig. 5, Supplementary Table 2 ). The data revealed generally reduced expression of metabolic pathways in fish fed BPI14 and, to a lesser extent, SPC, compared to fish fed FM. Where affected, the direction of change of gene-sets was consistent between treatments.
Processes that were similarly affected in all treatments included increased immune system, signalling molecule and interactions, and signal transduction gene-sets, and reduced carbohydrate metabolism and glycan metabolism, especially glycosyl phosphatidyl inositol (GPI)-anchor biosynthesis. Gene-set data was confirmed by individual gene expression data, which is reported as Supplementary Fig. 1 .
Pyloric caeca transcriptome
Feed SPC and BPI7 did not alter the transcriptome of the pyloric intestine compared with FM. In contrast, when fish were fed BPI14 a significant alteration of the caecal transcriptome was observed which was explained by 1989 genes differentially expressed (0 and 1 gene affected in SPC and BPI7 respectively). At gene-set level this translated into 93 differentially expressed gene-sets/pathways (q < 0.05) in BPI14 when compared with the FM control (see Supplementary Table 3 ). The response in the pyloric intestine observed after feeding treatment BPI14 involved a clear directional pattern of the main biological processes (Fig. 6) . Specifically, gene-sets of the organismal system (i.e.
immune, excretory, digestive, endocrine systems) and environmental information processing (i.e. signalling molecules and interaction, signal transduction, membrane transport) were expressed at lower levels in fish fed BPI14 compared with fish fed FM.
On the contrary, gene-sets of metabolism and genetic information processing were higher expressed in fish fed BPI14 compared with fish fed FM. Among cellular processes, cell motility transport and catabolism, and cell communication were lower expressed whereas cell growth and death was higher expressed in BPI14 compared with FM (Fig. 6 ). Geneset data was confirmed by individual gene expression data, which is reported as Supplementary Fig. 2 .
Discussion
The (32 % of total protein) resulted in reduced growth performance, increased FCR, altered flesh fat content, a marked transcriptomic response in pyloric intestine and increased levels of intestinal inflammation.
The reduced growth performance could be at least partially attributed to reduced feed intake, especially evident during the initial five weeks of the feeding trial. It is possible that the BPI utilised contained a factor that affected palatability or provoked an adverse reaction once consumed. One candidate could be a residual artifact of the processing methodology. The wet process for producing protein isolates from legumes generally involves protein extraction with alkaline solution followed by acid precipitation (Gueguen, 1983; Swanson, 1990) . At the latter stage the pH of the solubilized protein solution is reduced with sulphuric acid and the precipitated protein recovered by centrifugal decanter before being dried. Total sulphate in the BPI was high at ~5 g kg -1
(data not shown) but would only contribute about 0.7 g kg -1 to the feed in the high BPI formulation, with "high sulphate" foods classified as containing >1 g kg -1 (Florin et al., 1993) . However, dietary sulphate is ubiquitous in foods and not regarded as harmful or toxic, and there is no evidence that sulphate in feed would provoke an adverse reaction in salmon. Residual acidity could perhaps affect palatability but is unlikely to have a negative impact thereafter in a monogastic animal with an acidic stomach.
The most obvious components in plant protein products likely to cause issues with feed intake are ANFs (Gatlin et al., 1997) . In faba bean, quantitatively the main ANFs are the soluble sugars, α-galactosides, such as raffinose, stachyose and verbascose (Sosulski and Cadden, 1982) . There are few data on the effects of these oligosaccharides in fish but one study in Atlantic salmon investigating the effects of raffinose, stachyose, or a combination of the two, showed they provoked no morphological changes in liver, or mid and distal intestines and did not interfere with protein or fat digestibility (Sørensen et al., 2011) . In addition, the soluble nature of the oligosaccharides suggests that they will most likely be lower in BPI than in BPC as soaking decreased α-galactoside levels in faba beans (Vidal-Valverde et al., 1998 (Marquardt et al., 1976; Muduuli et al., 1982) , and the anti-nutritional effects of vicine and convicine in faba beans used in feeds for pigs, poultry and ruminants have been reviewed (Crepon et al., 2010) . In contrast, no negative effects of dietary vicine/convicine in fish have been reported. Rainbow trout did not show any significant reduction of feed intake and could tolerate dietary inclusion of FBM up to 450 g kg -1 (Ouraji et al., 2013) . Similarly, Atlantic salmon in both freshwater and seawater did not present evidence of detrimental effects or reduced palatability when fed inclusions of BPC comparable with those of BPI used in the present study (De Santis et al., 2015a , 2016 . Furthermore, the BPI used in the present study had levels of vicine/convicine combined that were around 8-fold lower than those measured in the previously used BPC.
Therefore, the wet process used for the production of BPI largely removed these ANF, consistent with reports that vicine/convicine could be extracted by steeping beans in an acid bath (Marquardt et al., 1983) . Therefore, it is unlikely that negative effects such as decreased feed intake and intestinal inflammation were due to the very low levels of vicine and convicine. Other relevant ANFs are saponins that are known to be, at least partly, responsible for the negative effects of dietary soybean meal in salmonids, including reduced growth performance and severe inflammation in the distal intestine (Knudsen et al., 2008; Sørensen et al., 2011; Krogdahl et al., 2015) . The saponin contents of faba beans and meal, at around 4.3 g.kg -1 , are an order of magnitude lower than levels in soybean (43 g.kg -1 ) (Fenwick and Oakenfull, 1983) . However, whereas saponins were undetectable in SPC produced by ethanol extraction, they were higher in a soy protein isolate produced by isoelectric precipitation (Ireland et al., 1986) . Similarly, a faba bean protein isolate showed higher saponin content than the meal although the method of preparation of the isolate was not given (Fenwick and Oakenfull, 1983) . Although saponin content was not measured in the present study it is possible that it may have been higher in the BPI compared to the earlier BPC and so it may have contributed to the negative effects observed in fish fed BPI14.
The responses of key metabolic tissues provide another strategy to gain some insight to the effects of diet. In the present study we investigated transcriptomic responses in pyloric intestine, as a tissue directly in contact with feed and so potentially responding to ingredients/raw materials, and liver as the tissue responding to dietary nutrients.
Certainly, the transcriptomic responses in the two tissues were different. In liver, SPC and BPI14 showed the greatest response compared to fish fed FM, with BPI7 provoking a much lower response. This was consistent with previous data that showed when FM was In contrast, it was evident from the analysis of the pyloric caeca transcriptome that a relatively large response was observed after feeding BPI14 whereas there was no major response to either SPC or BPI7 when compared to the FM diet. Thus, fish fed BPI14
showed over 90 differentially expressed gene-sets compared with fish fed FM and, while genes of metabolic, cell growth and death processes showed increased expression, most gene sets including immune, excretory, digestive, endocrine systems, signalling molecules and interaction, signal transduction and membrane transport were expressed at lower levels. Pyloric caeca are an important site for nutrient absorption (Grosell et al., 2011) and it has long been known that ANF such as phytic acid can affect the morphology of the gastrointestinal tract of fish resulting in hypertrophy and increased vacuolation of pyloric caeca (Hossain and Jauncey, 1993) . Faba bean contain phytic acid (Vidal-Valverde et al., 1998) , and this could have been increased in BPI as it follows the protein, as has been shown in soybean where the meal contains ~4 % but levels can be as high as 7-10 % in SPC (Gatlin III et al., 2009) . However, as the response observed in pyloric caeca of fish fed BPI was much greater than in fish fed SPC, it was unlikely to be due to phytic acid. However, the transcriptomic response in pyloric caeca gave no obvious clues the chemical identity of the factor provoking the adverse reaction, which was perhaps not surprising. There are few studies investigating the molecular response of pyloric intestine to reinforce the present data (Morais et al., 2012; Betancor et al., 2015; De Santis et al., 2015c) as most studies on the effects of dietary plant proteins have focussed on distal intestine (Tacchi et al., 2011 (Tacchi et al., , 2012 Kortner et al., 2012; Sahlmann et al., 2013; De Santis et al., 2015d; Krol et al., 2016) . In salmon fed increasing levels of soybean meal that provoked increasing enteritis, digestive enzyme activities in distal intestine were decreased, as observed in the present study (Krogdahl et al., 2003) .
However, in the earlier study the response in mid intestine was different with some enzymes showing a similar pattern to that in distal intestine, but others showing a less consistent response.
Although fish fed both the BPI7 and BPI14 diets showed increased histological scores, the pattern of inflammation observed was different from the inflammation found in distal intestine of salmon fed the high levels of BPC previously, where only GC and SV were altered. In this case GC was not significantly changed whereas most of the other parameters were increased. It should be noted that the fish in the present study were much larger than those described by De Santis et al. 2015a and were also maintained in seawater compared to freshwater, however it may be that different factors caused the inflammation in response to dietary BPI than the high levels of BPC. This could be consistent with the above discussion regarding saponin contents that may be higher in BPI than in BPC. The saponin-related enteritis observed with soybean meal is characterized by shortening of the mucosal folds, infiltration of the lamina propria by inflammatory cells, and decreased numbers of absorptive vacuoles in enterocytes (Baeverfjord and Krogdahl, 1996; Krogdhal et al., 2003 Krogdhal et al., , 2015 . Interestingly, in the present study, the most striking change in the distal intestine was deterioration of the absorptive vacuoles with increasing BPI, almost absent in fish fed BPI14. Lamina propria were also significantly widened in fish fed BPI, possibly which linked to increased infiltration of eosinophilic granulocytes, and shortening of the folds was also significant and appeared dose dependent with BPI. Therefore, the changes observed and symptoms of progressing enteritis were similar, at least on a histological level, to those observed in soybean (saponin)-induced enteritis.
The results of the present study have confirmed that protein concentrates or isolates derived from faba beans can replace FM and SPC up to a certain level in diets for enteritis. Thus, the data suggested that the BPI utilised contained a factor that was detrimental above a certain threshold, becoming important when dietary inclusion reached 140 g kg -1 . This may be an artefact of the protein isolation method, but could be associated with an ANF and, in this respect, saponin was the most likely candidate.
However, the overall conclusion was that, depending upon processing method, specific protein concentrates or isolates from faba bean can replace a proportion of FM and/or SPC in feeds for Atlantic salmon. Figures   Figure 1 . Feed intake calculated as weekly average of feed consumed as percent of body weight per day (y-axis). Weekly average of daily temperature measurements are reported on x-axis. The grey box represents the corresponding feed conversion ratio (FCR) for the treatments over the 11 week experimental period. Feed intake was significantly lower in fish fed diet BPI14 than in fish fed the other feeds in the first 5 weeks and, other than this there were no significant differences in feed intake. For FCR, same letters denote no statistical differences. In both graphs, bars denote standard error of the mean (n = 3) for the replicate pens. Table 3 . A selection of the most differentially expressed genes in the liver is provided as Supplementary Fig. 2 . 
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